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7-Dehydrobrefeldin A, a Naturally Occurring Brefeldin A
Derivative, Inhibits Secretion and Causes a cis-to-trans
Breakdown of Golgi Stacks in Plant Cells’
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7-Dehydrobrefeldin A (7-oxo-BFA) is a brefeldin A (BFA) analog
that, like BFA, is a potent phytotoxin of Alternaria carthami, a
fungal pathogen of safflower (Carthamus tinctorius L.) plants. Both
BFA and 7-oxo-BFA have been shown to be causal agents of the leaf
spot disease of these plants. We have investigated the effects of
7-0x0-BFA on the secretion and the structure of the Golgi stacks of
sycamore maple (Acer pseudoplatanus) suspension-cultured cells to
determine whether 7-oxo-BFA affects these cells in the same man-
ner as BFA. When applied at 10 pg/mL for 1 h, 7-oxo-BFA inhibits
secretion of proteins by approximately 80%, the same value ob-
tained for BFA. However, electron micrographs of high-pressure
frozen/freeze-substituted cells demonstrated that 7-oxo-BFA is a
more potent disrupter of the Golgi stacks of sycamore maple cells
than BFA. In cells treated for 1 h with 10 pug/mL 7-0xo-BFA, very
few Golgi stacks can be discerned. Most of those that are left consist
of fewer than three cisternae, all of which stain like trans-Golgi
cisternae. They are surrounded by clusters of large (150-300 nm in
diameter), darkly staining vesicles that are embedded in a fine-
filamentous, ribosome-excluding matrix. Simifarly sized and stained
vesicles are seen budding from the rims of the residual trans-Golgi
cisternae. Both the large vesicles and the residual Golgi stack buds
stain with anti-xyloglucan polysaccharide antibodies. Recovery of
Golgi stacks after removal of 7-0x0-BFA from 1-h-treated cells takes
2 to 6 h, compared with 1 to 2 h for cells treated with BFA. In
contrast to 7-oxo-BFfA, the BFA breakdown product BFA acid had no
effect either on secretion or on the secretory apparatus. This is the
first report, to our knowledge, of a BFA analog inhibiting secretion
in a eukaryotic cell system.

The fungal toxin BFA has been used extensively by cell
biologists to investigate membrane trafficking in the secre-
tory pathway of both animal and plant cells (Klausner et
al., 1992; Satiat-Jeunemaitre and Hawes, 1994). In most
mammalian cells, 1 to 10 ug/mL BFA not only inhibits
secretion (Misumi et al., 1986; Fujiwara et al., 1988) but also
causes profound morphological changes, including the dis-
integration of the Golgi apparatus and the redistribution of
Golgi enzymes to the ER (Doms et al., 1989; Lippincott-
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Schwartz et al., 1989, 1990; Orci et al., 1991; Pelham, 1991).
All of these effects have been traced to BFA’s inhibition of
the guanine nucleotide-exchange reaction on the ADP-
ribosylation factor, a small GTP-binding protein that reg-
ulates the assembly of coatomer proteins and clathrin coats
on budding ER, Golgi, and trans-Golgi network vesicles
(Donaldson et al, 1992; Helms and Rothman, 1992;
Stamnes and Rothman, 1993; Stachelin and Moore, 1995).
In the absence of these coats, the budding vesicles do not
form properly and some convert into tubes, which, appar-
ently due to the presence of specific targeting and fusion
molecules, have the ability to fuse specifically with other
membrane systems. This fusion leads to the rapid redistri-
bution of Golgi enzymes into the ER. Remarkably, all of
these changes are reversible upon removal of the drug.
In plants, BFA has also been shown to alter the structure
of the Golgi apparatus and to inhibit secretion, but the
responses differ in many respects from what has been
reported for mammalian cells. Satiat-Jeunemaitre and
Hawes (1992a, 1992b, 1993) were the first to demonstrate
that treatment of maize and onion roots and maize and
carrot suspension-cultured cells with 50 to 200 pg/mL BFA
induces a reversible vesiculation and disassembly of Golgi
stacks. However, based on staining with the Golgi-specific
antibody JIM84, no evidence of fusion of the Golgi-derived
vesicles with ER membranes was obtained. In our BFA
studies with sycamore (Acer pseudoplatanus) suspension-
cultured cells (Driouich et al., 1993; A. Driouich, unpub-
lished data), we found that, when applied at concentrations
comparable to those used in mammalian cell studies
(2.5-10 pg/mL), BFA was able to inhibit secretion and
modify the glycosylation patterns of glycoproteins and
polysaccharides in the absence of any morphological signs
of breakdown of the Golgi stacks. Instead, we observed an
increase in the number of trans-like Golgi cisternae and the
accumulation of many trans-Golgi-derived vesicles in the
adjacent cytoplasm. At 50 pg/mL BFA, however, the sy-
camore maple Golgi stacks also vesiculate (A. Driouich,
unpublished results). Kimura et al. (1993) and Schindler et
al. (1994) also reported that low (10-20 pg/mL) concentra-
tions of BFA can disrupt secretory functions in rice and

Abbreviations: BFA, brefeldin A; EM, electron microscope;
7-oxo-BFA, 7-dehydrobrefeldin A.
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maize cells, respectively, without causing a loss of Golgi
stacks. Similar concentrations of BEA have also been shown
to disrupt transport between the trans-Golgi network and
vacuoles (Gomez and Chrispeels, 1993; Holwerda and Rog-
ers, 1993), but no information concerning the state of the
Golgi stacks was provided in those reports. In contrast,
even 1 ug/mL BFA is sufficient to inhibit both germination
and growth of tobacco pollen tubes and also cause a break-
down of Golgi stacks in these cells (Rutten and Knuiman,
1993). Finally, in experiments with tobacco BY-2
suspension-cultured cells, it was found that ER-to-Golgi
transport could be inhibited by 3.3 pug/mL BFA (Matsuoka
et al., 1995), whereas 20 um BFA applied for 15 to 60 min to
dividing cells could induce occasionally the fusion of some
ER-like cisternae to Golgi cisternae, with minor effects on
Golgi stack morphology (Yasuhara et al., 1995). Most of the
changes involved an apparent decrease in the number of
stacks and a decrease in their diameter. Stacks of hybrid
ER-Golgi membranes have also been observed in tobacco
protoplasts exposed to 10 ug/mL BFA for 3 h (Kaneko et
al., 1994). Taken together, these investigations demonstrate
that (a) the BFA-induced inhibition of secretion does not
require the disintegration of Golgi stacks, (b) the sensitivity
of Golgi stacks to BFA differs significantly between cell
types, (c) the disintegration of Golgi stacks is coupled to the
vesiculation of the cisternae but rarely involves fusion of
Golgi cisternae with ER membranes, and (d) when fusion
does occur, the resulting ER-Golgi hybrid cisternae retain a
unique type of stacked membrane configuration.

In this paper we report the effects of two BFA analogs on
the secretory apparatus of sycamore maple suspension-
cultured cells. In mammalian cells, none of the BFA analogs
tested to date (7-oxo-BFA, 4,7-dioxo-BFA, BFA acid, and
7-epi and 4,7-diacetyl-10-epoxy-derivatives of BFA) has ex-
hibited any effect on Golgi morphology, the processing of
secretory and membrane molecules, or secretion (Orci et
al., 1991; Briining et al., 1992; Donaldson et al., 1992; Klaus-
ner et al., 1992). However, in safflower (Carthamus tincto-
rius) both BFA and 7-oxo-BFA (Fig. 1) have been shown to
produce the same disease symptoms (i.e. brown necrotic
spots on leaves) observed after infection with the fungus
Alternaria carthami, which produces both of these phytotox-
ins (Tietjen et al., 1983). BFA is also known to inhibit the
production and accumulation of phytoalexins by
suspension-cultured safflower cells, consistent with the
idea that this toxin interferes with the defense mechanisms
of safflower plants (Tietjen and Matern, 1984). In light of

2 0
5032 (<]
R 118 16 —_—
A3 Esterase
8 10 12 14
BFA (R:-OH) BFA-acid

7-ox0-BFA (R: =0)

Figure 1. Chemical structure of BFA, 7-oxo0-BFA, and BFA acid. BFA
and 7-0xo-BFA can be isolated from A. carthami cultures, and BFA
acid is produced by the hydrolysis of BFA with an esterase from the
bacterium B. subtilis BG3.
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these findings, we wanted to determine whether BFA and
7-ox0-BFA exhibited similar effects on the secretory appa-
ratus of sycamore maple suspension-cultured cells or
whether 7-0xo-BFA exerted its toxic effects through a dif-
ferent pathway. We report that, like BFA, 7-oxo-BFA inter-
feres with the secretory pathway of plant cells, but in
sycamore maple suspension-cultured cells it is a more po-
tent disrupter of Golgi stacks. As a control system we have
used another BFA derivative, BFA acid (Fig. 1), which is a
natural breakdown product of BFA. BFA acid can be pro-
duced by a one-step hydrolysis of the macrolide ester bond
of BFA by an esterase from the bacterium Bacillus subtilis
and has no known toxic effects on safflower plants (Kneu-
sel et al., 1990). In our experiments BFA acid also exhibited
no effects on either secretion or Golgi stack morphology.

MATERIALS AND METHODS

Sycamore (Acer pseudoplatanus) suspension cells were
grown in a modified M6 medium (Torrey and Shigemura,
1957) on a shaker at 25°C in the dark and harvested for
treatment at the log phase of growth, as described by
Zhang and Staehelin (1992).

Radiolabeling Experiments and Drug Treatments

Cells were harvested and filtered and then washed and
resuspended in fresh culture medium lacking Suc (3 g
cells/10 mL), as described by Driouich et al. (1989, 1992).
Radioactive labeling was done for 60 min with [**S]Met in
the presence or absence of 10 ug/mL 7-oxo-BFA or BFA
acid. The drugs were present at the same concentration
during the labeling period.

After the cells were labeled and treated, the medium was
collected by filtration and the cells were incubated again
with fresh culture medium containing 1 M NaCl to extract
the noncovalently/ionically bound cell wall proteins, as
previously described (Driouich et al.,, 1989). Secreted pro-
teins (culture medium plus NaCl-extracted proteins) and
intracellular proteins were precipitated, processed, and
used to measure the incorporated radioactivity, as de-
scribed by Driouich et al. (1989, 1993).

Electron Microscopy

After treatment with 7-ox0-BFA or BFA acid (10 pg/mL
final concentration) for 60 min, sycamore cells (except
those used for the recovery experiments) were fixed by
high-pressure freezing and then freeze-substituted, infil-
trated with resin, and embedded for EM analysis, as de-
scribed by Zhang and Staehelin (1992). After BFA treat-
ment and recovery, cells in the recovery experiments were
chemically fixed and processed for EM analysis as de-
scribed by Jauneau et al. (1992). Thin sections were viewed
and photographed on a transmission EM (model CM-10,
Philips, Eindhoven, The Netherlands, or model 109, Zeiss).
Immunolabeling with anti-xyloglucan antibodies was also
performed as described previously (Zhang and Staehelin,
1992).
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RESULTS
7-Oxo0-BFA but Not BFA Acid Inhibits Protein Secretion

To investigate the effect of 7-oxo-BFA on the synthesis
and secretion of proteins, sycamore maple suspension-
cultured cells were labeled with [>*°S]Met for 60 min in the
presence or absence of the drug (10 ug/mL), and the
incorporation of the label into intracellular and secreted
proteins was analyzed. As shown in Figure 2, 7-oxo-BFA
had almost no effect on the incorporation of [**S]Met into
cellular proteins but inhibited protein secretion by approx-
imately 82%. Thus, the large inhibition of protein secretion
by 7-oxo-BFA was not due to a general decrease in protein
biosynthesis but instead was caused by an effect on the
secretory apparatus. In contrast, BFA acid had only a minor
effect on the synthesis and secretion of proteins (Fig. 2).

7-Oxo0-BFA-Induced Disruption of Golgi Stacks
Affects cis-, Medial, and trans-Cisternae Differentially

To determine whether the inhibition of secretion by
7-0xo-BFA is brought about by the disruption of the Golgi
apparatus or by some other means, the treated cells were
high-pressure frozen and analyzed by thin-section electron
microscopy. As illustrated in Figure 3, sycamore maple
suspension-cultured cells preserved by high-pressure
freezing typically exhibited Golgi stacks consisting of five
to six cisternae, which can be subdivided into cis, medial,
and trans types based on morphological criteria (Staehelin
et al., 1990; Zhang and Staehelin, 1992). After the cells were
exposed to 10 pg/mL 7-oxo-BFA for 60 min, very few Golgi
stacks could be discerned in the cytoplasm (Figs. 4 and 5).
Most of those left consisted of fewer than three cisternae
and were surrounded by clusters of large, darkly staining

Control  [/77] BFA-acid NN 7-0x0-BFA

Radioactivity incorporated into proteins (%)

Cellular
proteins

Secreted

proteins

Figure 2. Effect of 7-oxo-BFA acid on the synthesis and secretion of
proteins in sycamore suspension-cultured cells. Cells were radiola-
beled with [*°S]Met in the presence or absence of 10 ug/mL 7-oxo-
BFA or BFA acid for 60 min, and the percentage of the radiolabel
incorporated into intracellular and secreted proteins was determined
(see “Materials and Methods”). The results are means of two separate
experiments.
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Figure 3. Thin-section electron microscopy of a Golgi stack of a
high-pressure frozen/freeze-substituted sycamore maple suspension-
cultured cell. The cis (top cisterna), medial (next two cisternae), and
trans-Golgi cisternae (bottom three cisternae) can be distinguished
based on their typical staining patterns. Note in particular the darkly
staining, collapsed luminal contents of the trans-cisternae, which are
also evident in the residual Golgi stacks shown in Figures 4B and 5A.
TGN, trans-Golgi network; arrowhead, intercisternal elements. Bar,
0.2 pm.

vesicles embedded in a fine-filamentous, ribosome-
excluding matrix. Closer examination of the residual Golgi
stacks revealed that the remaining cisternae were of the
trans type, as evidenced by the collapsed, densely stained
luminal space and the presence of intercisternal elements
(Figs. 4B and 5; Staehelin et al.,, 1990). Typical of these
residual cisternae were their bulbous margins, which were
much larger than those of control Golgi stacks (150-300
versus 50-80 nm in diameter) and filled with materials that
exhibited staining patterns similar to the contents of the
same size vesicles in the adjacent cytoplasm (compare Fig.
3 with Figs. 4 and 5). These similarities suggest that the
large cytoplasmic vesicles arise from a budding process
from the residual trans-Golgi cisternae, an idea supported
by the fact that both the Golgi and the cytoplasmic vesicles
could be labeled with anti-xyloglucan antibodies (Fig. 5B).

Xyloglucan is a cell wall matrix polysaccharide, the syn-
thesis of which has been localized to trans-Golgi cisternae
in sycamore suspension-cultured cells (Zhang and Staehe-
lin, 1992). Many of the remaining cisternae also displayed
blunt-ended margins (Fig. 5), which would be expected if
the large vesicles detached by simply pulling away from
the cisternae, as is suggested by the image of a large vesicle
seemingly breaking away from the bottom cisterna in Fig-
ure 5A. Upon removal of 7-oxo-BFA from the growth me-
dium, cells took between 2 and 6 h to reassemble a full
complement of normal-looking Golgi stacks (Fig. 6A).

In contrast to 7-oxo-BFA, BFA acid applied to sycamore
maple suspension-cultured cells at a concentration of 10
pg/mL for 1 h had no major effect on the morphology of
the Golgi stacks (Fig. 6B), consistent with its minimal effect
on the rate of protein secretion illustrated in Figure 2. Even
when the BFA acid concentration was increased to 50 ug/
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Figure 4. Electron micrographs of residual Golgi stacks (rG) and
trans-Golgi-derived vesicles (V) in sycamore maple suspension-
cultured cells treated with 10 ug/mL 7-oxo-BFA for 60 min. A,
Overview of a cytoplasmic domain containing characteristic large,
darkly staining vesicles and several residual Golgi cisternae and
stacks. B, Higher magnification view of vesicles and a residual Golgi
stack. Bar, 0.2 um.

mL, the Golgi stacks retained a normal appearance (data
not shown).

DISCUSSION

Plant and Animal Golgi Stacks Respond Differently to
7-Oxo0-BFA

The central finding of this study was that the naturally
occurring BFA analog, 7-oxo-BFA, applied at a concentra-
tion of 10 ug/mL for 1 h to sycamore maple suspension-
cultured cells both inhibited secretion and caused a break-
down of Golgi stacks. In contrast, another BFA analog, BFA

Figure 5. Higher magnification views of a resid-
ual Golgi stack (A) and of dense vesicles (V) and
a residual cisterna stained with anti-xyloglucan
antibodies (B, arrows). Note the trans-type ap-
pearance of the residual Golgi stack cisternae
and the presence of intercisternal elements (ar-
rowheads) between the cisternae in A. Two
large vesicles are also seen budding from the
cisternal rims, the lower one of which seems to
be in the process of breaking away from the
cisterna. Bar, 0.2 um.
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acid, had little effect on either secretion or Golgi stack
morphology. These results are of interest to both plant and
animal cell researchers, but for different reasons. Although
the Golgi apparatuses of plant and animal cells perform
many identical functions and have a similar basic design,
they also differ in many important respects. Common to
both is the basic architecture of the Golgi stacks and their
ability to process N-linked glycans. Unique features of the
plant Golgi apparatus include the number of discrete Golgi
stack-trans-Golgi network units per cell (usually several
hundred), their spatial organization (dispersed with no
specific relationship to ER cisternae), their functional activ-
ity during cytokinesis, and their ability to synthesize com-
plex polysaccharides without input from the ER.

In studies of mammalian cells, none of the BFA analogs
examined to date, including 7-oxo-BFA, has been found to
disrupt secretion and Golgi morphology like BFA (Briining
et al., 1992; Klausner et al., 1992). Thus, to our knowledge,
this is the first demonstration that a BFA analog can mimic
the action of BFA on the secretory apparatus of a eukary-
otic cell. Nevertheless, the demonstration that 7-oxo-BFA
can block protein secretion and cause a breakdown of Golgi
stacks in sycamore maple cells is not totally unexpected,
considering that both BFA and 7-oxo-BFA have been
shown to produce the same disease symptoms in safflower
leaves as infections by the fungus A. carthami, which is
capable of producing both of these toxins (Tietjen et al.,
1983; Tietjen and Matern, 1984). Thus, this study provides
strong support for the hypothesis that both BFA and 7-oxo-
BFA exert their toxic effects on plant cells by disrupting the
functions of the secretory pathway.

The lack of effect of BFA acid on the structure and
function of the Golgi apparatus of sycamore maple cells,
even at a concentration of 50 pg/mL, is consistent with the
finding that this BFA breakdown product is not toxic to
safflower plants (Kneusel et al., 1990). It also confirms that
the ring structure of BFA and 7-oxo-BFA is critical both for
their toxicity and for their effects on the secretory appara-
tus. It is interesting that transgenic safflower plants ex-
pressing a bacterial esterase capable of breaking down BFA
and 7-oxo-BFA also show enhanced resistance to the fun-
gus A. carthami (Kneusel et al., 1994).
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7-Ox0-BFA Is a More Potent Disrupter of Plant Golgi
Stacks than BFA

As discussed in the introduction, the sensitivity of dif-
ferent types of plant cells and plant species to externally
applied BFA varies greatly, and inhibition of secretion can
occur in the absence of Golgi stack disruption. This makes
it difficult to compare the responses of different systems to
BFA in quantitative terms. In this investigation we have
circumvented some of these problems by using the same
experimental system, sycamore maple suspension-cultured
cells, and the same experimental protocols as in our previ-
ous BFA study (Driouich et al., 1993). In that study we
observed that, over a 60-min period, 7.5 ug/mL BFA re-
duced secretion by approximately 80% without causing
any breakdown of the Golgi stacks. Since then we have
repeated the experiment with 10 pwg/mL BFA and pro-
duced the same results (A. Driouich, unpublished results).
Here we report that 10 ug/mL 7-oxo-BFA applied for 1 h
not only inhibits secretion by approximately 80% (Fig. 2)
but also causes most of the Golgi stacks to break down into
vesicles (Figs. 4 and 5). Furthermore, we have observed
that recovery of the Golgi stacks from a 1-h treatment with
10 ug/mL 7-oxo-BFA takes from 2 to 6 h (Fig. 6A), whereas
only 1 to 2 h are needed for recovery after an equivalent
experiment with BFA (Driouich et al., 1993). Taken to-
gether, these findings indicate that 7-oxo-BFA is a more
potent disrupter of the Golgi stacks of sycamore maple
suspension-cultured cells than BFA. Further studies are
needed to determine why 7-oxo-BFA is a more potent
disrupter of plant Golgi stacks than BFA and why the
secretory apparatus of plant but not mammalian cells is
sensitive to 7-oxo-BFA.

One possible explanation for the greater potency of
7-oxo-BFA for causing a breakdown of Golgi stacks is that
this BFA analog might bind more tightly than BFA to a
molecule involved in ER-to-Golgi vesicular transport. If
this were the case, then 7-oxo-BFA could reduce the input
of new membranes from the ER to cis-Golgi cisternae below
the rate needed to compensate for membrane lost at the
trans side of the stack due to the continued synthesis and

Figure 6. A, Two Golgi stacks (G) of a sycamore
maple suspension-cultured cell allowed to re-
cover for 6 h from a 1-h treatment with 7-oxo-
BFA. Note that this is a micrograph of a chemi-
cally fixed cell. The Golgi exhibit a normal
morphology. B, Electron microscopy of a Golgi
stack (G) and multivesicular body (MVB) of a
sycamore maple suspension-cultured cell treated
for 1 h with 10 pg/mL BFA acid. The stack ex-
hibits no sign of breakdown. Bar, 0.2 um.

packaging of hemicellulosic secretory products by the
trans-cisternae (Fig. 5; Zhang and Staehelin, 1992; Driouich
et al., 1993). If intra-Golgi-stack transport continues, this
imbalance would lead to a gradual loss of Golgi cisternae
in a cis-to-trans direction. The reported vesiculation of
Golgi stacks at >20 ug/mL BFA (Satiat-Jeunemaitre and
Hawes, 1994) may also result from inhibition of the same
vesicle transport site. Testing of these ideas will require
both the identification of the molecules that bind BFA and
7-0x0-BFA, respectively, and the exact localization of the
site of action of these molecules.
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